BaTiO 3 powders were prepared through mechanical activation chemistry and analyzed by Rietveld refinement with X-ray diffraction data. Raw BaCO 3 and TiO 2 powders were dry milled for 5 and 20 h and then calcinated for 2 and 4 h at 800°C. The milling process was found to have broken up the BaCO 3 and TiO 2 crystals into smaller crystals and formed only small amounts ͑Ͻ1.5 wt% ͒ of BaTiO 3 . Subsequence calcinations for 2 and 4 h at 800°C successfully produced large amounts ͑Ͼ97.7 wt% ͒ of BaTiO 3 crystals. The calcination process also generated microstrains and crystallite-size anisotropy in BaTiO 3 . An increase in the calcination time from 2 to 4 h increased the BaTiO 3 weight percentage and the crystallite-shape anisotropy, but decreased the tetragonal distortion anisotropic microstrains in BaTiO 3 crystals.
I. INTRODUCTION
Alkaline earth metal titanates have been studied because of their interesting properties, including piezoelectricity and pyroelectricity. Barium titanate BaTiO 3 ͑BT͒ is of interest because of its high-dielectric constant and ferroelectric properties, as well as its wide range of commercial applications, including dielectric layer of multilayer ceramic capacitors, positive temperature coefficient of resistance thermistors, memory devices, tunable microwave dielectrics, piezoelectrics, and nonlinear optics ͑Phule and Risbud, 1990; Stojanović et al., 1999͒. Traditionally, the conventional method for synthesizing BT is the solid state reaction between barium carbonate ͑BaCO 3 ͒ and titania ͑TiO 2 ͒ at high temperatures. However, it leads to large particle size and limited degree of chemical homogeneity, i.e., procedure can result in ceramics with compositional inhomogeneities and deleterious phases, e.g., Ba 2 TiO 4 and BaTi 3 O 7 ͑Berbenni et al., 2001; Brzozowski and Castro, 2003; Thakur et al., 2007͒ . Consequently, choice processing methods are of great importance for the preparation of BT ͑Stojanovic, 2003; Pavlović et al., 2007͒. The processing of materials with piezoelectric, dielectric, and electro-optic properties often involves several stages before the formation of the desired phase. Among them, mechanical alloying was initially developed for the synthesis of intermetallic and alloy compounds and then to prepare magnetic and nanocrystalline materials ͑Gordon and Shaw, 1948; Avvakumov, 1986; Xue et al., 2000; Parashar et al., 2004; Stojanovic et al., 2005͒ . Alternatively, the mechanical activation method improves the reactivity of the starting composition so the desired phase forms at lower temperatures ͑Ding et al., 1996; Giri, 1997; Junmin et al., 2000; Evans et al., 2003; Ryu and Yoon, 2007͒ .
The goal of this work was to determine, using Rietveld refinement, the effects of the milling and calcination conditions on the phase formation, crystal structure, and average crystallite size and microstrain in BaTiO 3 . and dry milled in a SPEX CertiPrep 8000M Mixer/Mill with two zirconium balls ͑d =13 mm͒ in air for 5 and 20 h. The milled powders were subsequently calcinated at 800°C for 2 and 4 h.
II. EXPERIMENTAL
X-ray diffraction ͑XRD͒ data for the milled samples were collected using a Rigaku RINT2000 diffractometer ͑42 kVϫ 120 mA͒ with Cu K␣ radiation ͑ k␣1 = 1.5405 Å, k␣2 = 1.5443 Å, and I k␣1 / I k␣2 = 0.5͒, 2 range between 20°a nd 70°, step size of 0.02°2, 4.5 s / step, divergence slit = 0.5 mm, and receiving slit= 0.3 mm. For the calcined samples, the experimental conditions were 20 to 120°2
and 2 s / step with the same slit arrangement above. The same experimental conditions were used for the CeO 2 standard sample.
Rietveld refinements ͑Rietveld, 1969͒ were performed using the General Structure Analysis System ͑Larson and Von Dreele, 2000͒ and the graphical user interface EXPGUI ͑Toby, 2001͒. Peak profiles were modeled using a convolution of the Thompson-Cox-Hastings pseudo-Voigt function ͑Young and Desai, 1989͒ with the asymmetry function described by Finger et al. ͑1994͒ , which accounts for the asymmetry resulting from axial divergence. To account for the anisotropy in the width of the reflections, the bi-dimensional model for crystallite size described by Larson and Von Dreele ͑2000͒ was used. The Stephens ͑1999͒ model was used to describe the anisotropic microstrain. The standard sample used to measure the instrumental broadening was commercial CeO 2 ͑99%, Acros Organics, Geel, Belgium͒ annealed at 1530°C for 4 h. A simultaneous thermal analysis of the milled samples ͓thermogravimetric ͑TG͒/differential scanning calorimetry ͑Netszch-Termische Analyze-controller TASC 414/2͔͒, under a dynamic atmosphere of synthetic air with heating rate of 10°C / min up to 1200°C, was also performed.
III. RESULTS AND DISCUSSION
The XRD patterns of BaCO 3 and TiO 2 mixtures, before and after milling for 5 and 20 h, are shown in Figure 1 . The diffraction lines of crystalline phases BaCO 3 and TiO 2 can be observed for the unmilled sample ͑i.e., 0 h of milling͒. The XRD patterns for samples milled for 5 and 20 h are similar to that of the unmilled sample except that each has an extra weak diffraction peak at ϳ31.5°. This peak can be positively identified to be the strongest ͑111͒ peak for BaTiO 3 . Isolated peaks in the diffraction patterns are used to study diffraction profiles of BaCO 3 , TiO 2 , and BaTiO 3 . Two low-angle sections with 2 from 23°to 26°and 26°to 36°of the diffraction patterns in Figure 1 are enlarged and shown in Figures 2͑a͒ and 2͑b͒, respectively. An examination of the isolated diffraction peaks in the three diffraction patterns with milling times of 0, 5, and 20 h show that the longer the milling time, the broader the peaks and the lower the diffraction intensities, and therefore the smaller the crystallite sizes for BaCO 3 and TiO 2 . This suggests that the crystals of BaCO 3 and TiO 2 were broken up into smaller crystals by the milling process. However, no information on the crystalline size for BaTiO 3 can be obtained from Figure 2͑b͒ , because the ͑111͒ diffraction peak for BaTiO 3 at 31.5°is too weak to be used for profile analysis. Table I shows the Rietveld agreement indexes and Table  II lists the results of quantitative phase analysis of the three unmilled and milled samples. Table II shows that the amounts of the crystalline BT phase are very small ͑1.5% or less͒ and remain essentially unchanged after milling for 5 and 20 h. The amount of BaTiO 3 phase did not increase significantly ͑i.e., 1.2 and 1.5 wt%͒ probably because the reaction between TiO 2 and BaCO 3 is strongly endothermic. A subsequent thermal treatment at high temperature of the milled samples was needed to complete the reaction, consequently increasing the amounts of BaTiO 3 .
TG curves for the milled samples are plotted in Figure 3 . They show that the weight loss between room temperature and 550°C was relatively slow for the samples milled for 5 and 20 h. On the other hand, the weight loss between 550 and 870°C was very fast and slightly faster for the sample milled for 20 h than for the sample milled for 5 h. The curves remained essentially unchanged for temperatures above 870°C. Based on these TG results, the temperature used in the subsequent heat treatment ͑or calcination͒ was chosen to be 800°C.
Rietveld results on the two samples after 5 and 20 h of milling and treated at 800°C for 2 h are plotted in Figures   4͑a͒ and 4͑b͒, respectively. The refinement indexes for the four samples calcinated at 800°C for 2 and 4 h are listed in Table III . Final values of weight percentages, lattice parameters, tetragonal distortion ͑c / a͒, and calculated density ͑ x ͒ for the four samples are listed in Table IV .
Small amounts of BaCO 3 ͑2.2%-0.6%͒ and large amounts of BaTiO 3 ͑97.8%-99.4%͒ were detected, indicating that the tetragonal BaTiO 3 phase was successfully produced by the calcination process. An increase in the calcination time from 2 to 4 h increased the BT content above 99.3% and decreased the BaCO 3 content to below 0.7%. The values of c / a are very close to unity, suggesting that tetragonal distortions are small and crystal structures for BT are very close to that of cubic BaTiO 3 , especially for the two samples calcinated at 800°C for 4 h ͑Butter and Maslen 1992͒.
Results of microstrains ͑͒, crystallite sizes ͑͗t͘ Ќ and ͗t͘ ʈ ͒, and crystallite anisotropy ͑͒ are listed in Table V . Values of 100 are relatively smaller than those of 001 , indicating the presence of anisotropic microstrains. The microstrains are smaller along the ͓100͔ direction ͑0.003Յ 100 Յ 0.007͒ and larger along the ͓001͔ direction ͑0.011Յ 001 Յ 0.015͒. Values of both 100 and 001 decreased with increased calcinations time from 2 to 4 h, and this probably reduced the crystalline defects presented in the BT crystals.
Values of ͗t͘ Ќ ͑nm͒ are relatively larger ͑124 Յ ͗t͘ Ќ Յ 283͒ than those of ͗t͘ ʈ ͑nm͒, ͑42Յ ͗t͘ ʈ Յ 92͒, indicating the presence of crystallite-shape anisotropy. However, the values of the crystalline-shape index ͑i.e., =͗t͘ Ќ / ͗t͘ ʈ ͒ are larger for the samples calcinated at 800°C for 4 h ͑i.e., 6.58-2.88͒ than those for the samples calcinated at 800°C for 2 h ͑i.e., 1.35-1.20͒.
IV. CONCLUSION
Long milling times did not produce large amounts of BaTiO 3 perovskite crystals. The milling process was found to have broken up the BaCO 3 and TiO 2 crystals into smaller crystals, and this improved the reactivity between BaCO 3 and TiO 2 so that the desired BaTiO 3 phase formed at reduced calcination temperatures.
After the subsequent calcination process at 800°C, large amounts of BaTiO 3 were successfully produced. The calcination process also generated anisotropic microstrains and crystallite-shape anisotropy. An increase in the calcination time increased the BT weight percentage and the BT crystallite-shape anisotropy, but decreased the tetragonal distortion and the anisotropic microstrains in BT crystals. 
